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BLOCK MOTION FROM DETONATIONS OF

BURIED NEAR-SURFACE EXPLOSIVE ARRAYS

Scott Blouin

INTRODUCTION Rock Silo Program, an effort to develop an ex-

tremely hard missile silo in rock AFWL was

There is currently a great deal of interest in charged with the development of techniques us-

basing both strategic systems and command, ing high explosives to simulate the airblast.

control and communications facilities deep be- airblast-induced ground motions and cratering-

neath the earth's surface to enable them to bet- induced ground motions of the Hard Rock Silo

ter withstand the effects of a nuclear attack It nuclear design threat Two simulation tech-

appears that the most crucial concern to the sur- niques were employed the HES1 (High Explosive

vivability of deep based systems is the so-called Simulation Technique) to simulate the airblast

"block motion" problem Block motion, the ten- and airblast-induced ground motions, and the

dency of a rock mass to shear along planes of DIHEST to simulate the cratering induced mo-

weakness when subjected to explosive loadings. lions. As shown in Figure 1. the HEST consists of

has been observed along pre-existing joints, bed- a cavity of uniform height bounded on the sides

ding planes and faults in various rock types. by a soil berm, above by a soil overburden of

These relative displacements have been ob- uniform thickness, and below by the test bed on
served near the earth's surface and at depth the earth's surface (Cooper 1970, Bratton 1967.

from both high explosive and nuclear loadings Bratton and Mitchell 1971) Horizontal racks of

Block motion has frequently intersected hard- high explosive detonating cord are placed in the

ened structures with catastrophic esuits, gener- cavity and detonated at one end of the test bed

ally shearing the structures in the plane of the This detonation produces an explosive wave that

motion in the rock propagates across the test bed, loading the earth

A significant bojy of block motion data was with an over-pressure pulse that decays with

accumulated during the late -960's and early time because of the compression and lifting of

70's by the Air Force Weapons Laboratory the overburden Six HEST experiments, three of

(AFWL). during development and fielding of Di- shich were combined with DIHEST, were field-

rect Induced High Explosine Simulation Tech- ed on rock Simulated peak overpressures up to

nique (DIHEST) tests Unfortunately most of 6000 Ibfiin 2 and specific impulses to more than

these data have been reported only piecemeal 100 Ibf'in s~ were achieved

and some have not been reported at all This The DIHEST uses explosives buried in geo-

report is an attempt to provide as full an ac- metric array to produce the desired particle

count of the block motions associated with the velocitv-time histories at prescribed ranges from

DIHEST experiments as is possible to gather the array Because ot the time constraints

from the scattered reports, unpublished material placed on the development of the DIHEST, the

and personal interviews experimental study was largely restricted to rec-

DIHEST was developed to simulate the crater- tangular, planar, and vertical explosive arrays, as

ing induced ground motions from a nuclear sur- shown schematically in Figure 2 [he planar

face burst using buried arrays of high explosises w%,vte front propagated across the rI-HEST test

The impetus for DIHEST came from the Hard bed was intended to approximate an increment
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Figure 2 DlHES T geometry (from Blouin and Kaiser 1972,)

ot the spherical direct-induced wasve front from three rock types A summary of the nine DIHFST
a surface burst, which would have been approx- and combined HEST-DIHESI experiments ir
imatelv planar at the range of interest Nine rot k is ginen in aporoximate chronological order
DIHES1 experiments were tielded n rock, in- in Table 1 Of these, live produced significant
cluding the three ccmbined HESI-DIHEST shots block motions These five are denoted by an
DIHEST explosive arra•r yields rang_Žd from 80)0 aqterisk
to 234,000 lb ot high exlKosi~e Te~tinx ",as car- Most DIHEST block motions were influenced
ried out in three rock types layered sedmentary by the free surface. The, alssavs occurred along
rock, a rather soft weatnered tonalite, and hard pre-existing planes of weakness in the rock mass.
granite Block motions were observed in all in these cases joits or bedding planes They ap-

•[ , • - , ..2



i ~Table I. Simulation experiments in rock.

(-EST bed HE5T desi~,n DIHEST array

drimensions ovrpress ure D~mens..ons Utf) Wes~ht
Fxefrreioye Date Lo~af~o' 'Itt (ibthn 1 (egth .depth) (ib) •i

PLA.•WAVI• I t')IHL.SI Oci 1'Ab7 hinz,,tno V.alley,. N',M NiA .N.A 20' 20 800
tInierbedded sedimeniar,.) .!

*PLANEWAV( I1 DIHEST Mar 1*8: Estancoa Valley. NM N;A NIA 45',20 4.200•
(Interbedded sedI,.;errtar5 )

DATEX I DIH[S1 Apr 1%9 Cedar Crix,. Utah N.'A Ni^ t00- 38 4.400
(Tonalire)

* '•AltX II' UliIHSI. Iul'v 1969 Cedar City• Utah N.A N:A 200' 56 82.000V

(Tonai~te,HANDEC I H-EST-DIHEST May 1969 Cedar City. Utah 40-60 6000 100' 38 4,400 1 -
(Tonahte)

HANUEC I1" HtST-t)IHE'SI Aug 1"9'(9 (edar(.ii\' Utah 60-953 5000 200-40 92.000 °

llonahite)

ROCKIEST I1" HIST-DIHES1 Mar '970 Cedar Ci',, Utah 250,400 C'la~stded 500-40 234.000!
(Tonalhtel

PRESIARMET II D~i'1S1 lan 1969 Pedernal Hdlls. N•M NA IN:A 50' 38 .0

IGranite) I
STARM[.T' OIHE:ST Nciv 197(0 Pede-nal Hills. NM NA N-A I(00,38 4.6

"Ilndicates sagniticant bloci, rnotons developed

pear to always be of the "driven'variety, that is. placements is given, supplemented by an over-

they resulted directly from the action of the dy- view of the ground motions either measured or
namic stresses on the rock rather than from tec- postulated to have occurred in the area of the

tonic stress relief triggered by the dynamic input displacements. Finally a summary of the dis-
[see Bache and Lambert (1976) for a discussion placements is presented, along with a discussion

of triggered block motion] Generally, they of the results and conclusion drawn from them
followed paths of least resistance offered by the
joint patterns or bedding planes, though there
were several instances where this was not the STARMET

case They extended horizontally as much as
three crater radii from the exposive arrays Their Test description
vertical extent (depth) was never determined The STARM[T explosive array (Fig 3) con-

While it is difficult to extrapolate this near- tained a total of 4360 lb of ammonium nitrite-
surface experience to structures located below a fuel oil explosive in standard 40-lb cratering

surface burst, these test data certainly would charge canisters The average explosive density
have direct bearing on the design of the many per unit area of array was 1.27 Ib~fO•.

surface and near-surtace facilities associated The test site was located in the Pedernal Hills
with a deep-buried system, including antennae, of central New Mexico, 17 miles west ol theI
utility and access shafts, and launch systems town of Encino, adiacent to and south or U.S

The extent to which they can aid in under- Highway 60. The rock was a slightly metamor-
standing the deep block motion threat must be phosed unweathered granite of PrecambrianI
determined in the tuture. origin that was very strong and very stiff. A thin

In the tollowing sections each of the five sandy soil covercd approximately half the sur-
DIHEST experiments which produced perma- face area in the vicinity of the testbed Else-
nent relative displacement is briefly described, where, the rock was exposed at the surface It
including the explosive array, test bed instru- was highly iointed, wi th iont spacing averaging
mentation. geology, and rock '.roperties. Acomn- less than 6in The joints were very tight and ex-
plete 'description of the ensuing relative dis- hibited no apparent weathering. Results from in-
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Figure 4. Joint map of STAKMET test bed (from Blouwn and Kaiser 1972).

tact core sample tests were reported by Stephen- areas are so indicated Three major joint sets are
son and Engel (1971) Unconfined compressive delineated on the map. a north-south set dipping
strengths averaged over 30,000 lbf in 2 and the steeply to the east, a nearly orthogonal set dip-
secant modulus at 50% of ultimate strength ping steeply to the north, and a set striking
averaged between 9 and 10 x 101 lbf.,'in.' toward the northeast parallel to the explosive ar-

A detailed joint map of exposed segments of ray and dipping steeply toward the southeast It

the testbed surface was prepared by lohn Kaiser will be shown in the later discussion that the
(Blouin and Kaiser 1972) and is reproduced in orientation of these toint sets largely controlled

Figure 4 The map shows only the maior joints, the nature and directkon of the permanent dis-
actual jointing was even more dense than nih- pldcements which occurred in the testbed be-
cated here 1he map shows the west side of the yond the DIHEST crater
testbed from the explosive array for a distance As shown in the plan view of the testbed in
of 120 ft, the range of the farthest instrurnenta- figure 5. a series of unlined structures were
tion holes, as well as a 10-ft band on the east side drilled in the testbed on either side of the explo-
of the explosive array surrounding the test struc- sive array. lhese were des~gned to determine
tures Only outcrop was mapped, soil-covered the infiuence of the ratio of joint spacing to

4
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Figure 5. Plan view of project STARMET (from Blouin and Kaiser 1972).

diameter on structural performance Structures of the array In addition to the motion measure-

on the east side were centered 45 ft from the ar- ments, 34 experimental s'rain-gaged aluminum

ray, structures on the west side 35 ft from the ar- canisters were grouted throughout the bed
ray. The structures were from 3 in to 6 ft in These were desig~ned to give quantitative corn-

diameter and 20 ft deep. All structures on the parisons of strain from point to point. They were

east side were bored using smooth wall drilling, not meant to imeasure absolute strain in the

techniques except for S, which was per~meter rock.

drilled and excavated. Due to the close joint A survey of selected intersection points on a
spacing, portions of the side walls of S, caved in grid painted on the testbed surface was madeIduring excavation, resulting in an irregularly pre- and post-test to determine the extent and
shaped structure. The joints in the walls of the magnitude of any permanent displacements Ap-
five largest smooth-wall structures were mapped proximately 160 lntersection points were sur-

(Blouin and Kaiser 1972). The close-spaced tiglht veyed prior to the test. The grid, shown in the

jointir& at the surface was evident throughout pre-test photograph (Fig 6), consisted of 5-

the length of the structures. All the structures ex- ft squares and covers the area mapped on the

cept S, were filled with plaster sand during the loint map plus a 10-ft-wide semicircular arc

test to keep blocks of rock from falling out of swung on a 45-ft radius about the northernmost

the sidewalls, explosive hole. The explosive holes and struc-

Both active and passive monitoring of testhed tures are also visible in the photo. Sevent,-five

motions were cmploycd on STARMET Iransient surveyed points were lo~ated and resorvevsed

motions were measured with an extensiv-e array post-test
of velocity gaines and accclerometers grouted inIthe instrumentation hojes shown in Figure 5 Test results

Cages were grouted at depths of 4, 15, 30 and 45 The outstanding post-detonation features re-
ft to monitor motions near the surface and near suiting from STARML1 are identified on the air-
the top, middle, and bottom of the explosive at- photo in Figure 7 The ejecta distribution wras ex-

ray. Gag4es were located on both sides of the ex- tremely uneven. b,,ing concentrated almost en-
plosive array out to a range of 120 ft, with a tirely to the west uf the explosive array A large

more complete instrumentation set to the west mass of rock lying to the north and west of the

5!
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Figure 6. Pre.test aerial pho•o•graph oi STARML I test bed lironm Blouwn and Kaiser 1972)

array, well beyond the ( rater bound)cir, %,as, roLighlyV aIrallel to the, lip, extfnlding 10 to 25 ft

thruSt tipward and iloulward i%%av fronm the, arrar, be,',r}nd it Howevir. on the northeast side of the

A ,erie,, ol vrti(,al joints ,tood i}l),'r to thie rater, aId( a'iit to the most prominent open

norhast (if the (rater \,erti( il joinrts, there w.as no lip forni.d 1 he edge

A% shown in the pholto the r (ater tenihid Ito h, of the true (rater, lor ited alter the post-test

synhmitriLal about the explosi,. earrci' 1 he plin ( lh',iingO of th. testhed, iciSataiirrXiiinIately under

view crater mai in I gut' 8, hows thal th,' r,,ti'r the (rater lip averaiging about 18 fT trom the ex-

lip general, parallehtid the vxplosii,, arrrv on ploli{.' airriy on eithi'r side

either side and cLirs,,vd mround the array on it,, lhe 'jicta (ditrihuolion seented to be heavil

imls 1 hi' outer edge, of the rater wi. r,)' miili-n' i'd h, the joint itlterris As noted, nearly
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Figure 8. Plan view of STARME T crater (from Wlouin and Kaiser 1972).

pre-explosion surtace joints and their spatial re- and across, the crater from those joints that re-
lations to charge centers appear to have the flect the explosive forces of the gas bubble.
8reatest effect of any natural factor on the e;ec- Joints at the positionbf the explosive center ap-
ta palterns about the craters on Buckboard pear toact mainlyas release channels for theex-
Mesa plosive forces, whereas those lints nearer the

Joints act as channels for the release of forces margin of the crater tend to act largely as reflec-
exerted by the expansion of the gas bubble as tors of these forces
well as reflectors of these forces This results in This same channeling effect by vertical joint
removal of more material in direcions parallel sets has been demonstrated in model experi-
to those joints that act as release channels More ments in testbeds of stacked sugar cube-,
material is also removed in directions normal to. (Meler 1970a) and ceramic tiles (Teriecky et al.
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Figure 17. STARMET permanent horizontal displacements (from
Blouin and Kaiser 1972).

1971) In both sets of experiments there was a A ground-level view of the thrust block look-
strong tendency for ejecta to be thrown out ing south in a direction parallel to the explosive
along the vertical channels formed by the ver- array is shown in Figure 9. The block was
tical "joint sets" which intersected the craters. bounded on its exposed north and west sides en-

The close joint spacing tended to limit the size tirely by pre-existing joints. The northern end,
of the STARMET ejecta blocks. Field observa- shown in the photograph, had a blocky appea
tion revealed that the most of the ejecta blocks ance as it was formed by the intersections of
were smaller than 1 to 2 ft on a side. Most block many joint planes. The we.tern side, hr,
faces were formed by joint planes, with general- appeared to be formed by a single
ly one or no fresh breaks per block Typical ejec- possibly several closely spaced paral;b
ta blocks can be seen in Figures 9 and 10. section of this joint is shown in Figu In

Permanent displacements seemed to be joint most places, the protruding section of the joint
controlled in much the same fashion as the ejec- was obliterated because blocks of rock either
ta distribution. Figure 11 is a vector plot showing broke off the edge or were knocked off by pieces
the horizontal permanent displacements for all of ejecta.
survey points recovered post-shot. Figure 12 is a A schematic plan view of the original joint
similar plot of permanent vertical displace- intersection with the testbed is shown in Figure
ments. Displacement of the surface of the thrust 13 The joint intersects the surface approximate-
block was by far the most pronounced motion in ly 7 ft west of the 3-, 4- and 6-ft structures'
the testbed. Displacement of the block in the centerlines and strikes parallel to the explosive
.orthwest quandrant averaged about 21/2 ft hori- array. Figure 14 was constructed by combining
zontally and 5 ft vertically. Toward the south measuremenis made on the testbed surface with
end of the block, displacements tapered off to the projected intersection at the surface of the
less than 1 ft to 2 ft vertically The horizontal joint intersections with the 3-% 4- and 6-ft struc-
displacement vectors on the block's surface also tures. The displacements along the joint,
indicate the motion within the block was measured in each of the three structures, are
divergent, ive the block tended to expand lat- shown in schematic crcss section Total slip of
erally in a direction parallel to the array at the 5 4 ft was measured in the 3-ft structure,
same time it moved outward away from the ar- dropping to 2 3 ft in the 6-ft structure. Displace-
ray. The divergent displacements tended to ments measured along the boundary joint in the
follow the trajectories of peak particle velocities structures agreed closely with corresponding
generated by the planar explosive array measurements made on the thrust block surface,

10

............................... ,--



0O 0 0

w0 4Hilll I I1' ..,IN U tlll lt
0 US4RUSII

w •BLOCK

cc 00 0

APPROXIMATE

- ; THRUST BLOCK
BOUNOARY

B IKALI

o• 4fI 11.2 a) UPWARD

0 INOICATEIS Z20
* B 1ISPACIrINT

0
0 @

20 0 0

0 0 0

Figure 12. STARMET permanent vertical displacements (from Blouin
and Kaiser 1972).

I -N
0

(ixp OSIV I

6

I CEIRTEILIIUE

o 3. '

Figure 13. Plan view of assumed join! intersection
with the test bed surface (from Blouin and Kaiser
1972).

S ....... • 
• •=,,,•• t-• •-, , • -""1'



r -

2. Ma M) 2417h

4i
2. / ? 1.6I

2
• 427 r)

!ILL THOCEl FIIMUIS!

1.1(9 )STRUCTURE,,5 A 41/2mISTRuCTu-EW6 /&fI lm)STRUCTuRE,?

Figure 14. Differential displacement measured along the thrust block H

boundary ioint intersecting structures wV5 , 64, and W, (from Blouin
L and Kaiser 1972).

indicating that motion along the boundary joint into the thrust block, as shown in the photo of

accounted for all but the secondary motions at the top 5 ft of the 6-ft structure in Figure 18 All

the testbed surface of these open joints were tightly closed and

Two views of the joint in the 4- and 6-ft struc- barely discernible prior to the test

tures are shown in Figures 15 and 1b respective- These numerous open joints within the thrust I

ly. Figure 15 shows the bottom of the 4-ft struc- block signify a general expansion of the block as

ture The photographer's foot rests on the it moved upward and outward along the bounda-

boundary joint, which dips toward the explosive ry point. Such an expansicon is in keeping with the

array. Thp :•int intersected the bottom of the divergent motion imparted by the geometry of

hole ,he portion of the floor within lie the explosive array and the measured permanent

thrust block has moved upward relative to the displacements shown in Figure 11.
original floor location Figure 16 shows d portion It is disturbing to note that the boundary joint,

of the 6-ft structure looking toward the north which controlled all permanent displacements

parallel to the explosive array. The boundary on the west side of the testbed and which was so

joint, dipping toward the array, runs diagonally evident post-test both within the tructures and

across the photograph from top left to bottom for a iength of at least 120 ft along the testbed

right. As indicated by motion of the 15-ft con- surface, does not appear on the pretest joint

tour, the thrust block has moved upward and map in Figure 4 Unfortunately, a thin veneer of

outward 2 3 ft relative to the rest of the struc- soil covered much of the boundary point, but ap-

ture. As the vector plots of Figures 11 and 12 in- proximately 40 ft of its length was exposed pre

dicate, there were no discernible permanent test The only manifestation of its intersection

displacements at any of the survey points with the testbed surface (shown in Fig. 13) is a

located beyond the thrust bWock within the short section of closely spaced parallel joints ap-
estimated t '/2 in. accuracy of the survey Thus, proximatelý 4 ft notthwest of the 6-ft structure

the portions of each structure located beyond striking parallel to the common centerline of the

the boundary joint are assumed to have experi- structures

enced no permanent displacements Since the detail of the joint map is probably as

Numerous open joints on the surface of the fine as it practical, the obvious implication is

thrust block and within the structures are that the prediction of the exact location of rela-

evidence of secondary motion within the block tive displacements in rock where joints, faults,
A view of a section of the thrust block surface is bedding planes, etc., are relatively numerous

shown in Figure 17 following removal of the may be impractical if not imposs'ble The actual

ejecta. Numerous open points, all of which were spacing of discontinuities remains constant so

tightly closed prior to the test, are shown in the that the complexity of the mapping and predic-
vicinity of instrumentation hole 5. The promi- tion problems increase with increasing explosive

nent joints in the photo are open about 2 in yield
These loose and open joints extend downward A hypothesized cross section of the explosive

12
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Figure 19. STARMET thrust block, schematic section (from Blouin
and Kaiser 7972).

array and thrust block, taken perpendicular to south set shown in Figure 7 and Figure 8 evident-

the array and intersecting the 4-ft structure, is ly resulted from the rebound Obviously, the

shown in Figure 19 If it is assumed that the combination of joint orientations and properties

boundary joint is planar, as suggested by its and the ground motion field was somehow not
intersection with the structures, an extension at right for the type of block relief which occurred

a constant dip of 670 misses the bottom of the on the opposite side of the array It appears that
array by 23 ft Since the true crater extends only the major east-west joint set could have provid-

18 ft beyond the array at the testbed surface, it is ed such relief, since it dipped toward the explo-

likely that the joint misses the crater by a sub- srve array on the east side. However, no major

stantial margin as well. block slips occurred and the rock mass re-
r Only 15 survey points on the east side of the bounded toward the array following its initial

explosive array were relocated post-test These compressive loading. Because the crater had

were all in the northeast quadrant at ranges be- already formed by the time of the rebound, the

tween 40 and 50 ft in the vicinity of structures S, motion could not be resisted by compression of
and S,. As shown by the displacement vectors in rock within the crater Thus, the rock mass tend-

Figures 11 and 12, motion was upward and horn- ed to go into tension which caused en-echelon
zontally toward the explosive array Horizontal opening of joints in the north-south set oriented

permanent displacements averaged about 0 5 ft approximately perpendicular to the maximum

toward the array, generally in a direction perpen- tensile potential.
dicular to the strike of the maior north-south Figure 20 is a view looking north past structure

joint set Vertical displacements ranged from S, showing a prominent open joint intersecting
about 07 ft north of structure S, to about 1 ft that structuie figure 21 shows the widest open

near structure S,. No permanent displacements joint, located north 6f S, approximately 5 ft from

occurred at this range on the west side of the ar- the crater A view of some of the smaller en-

ray, being beyond the intersection o0 the bound- echelon openings north of S, is shown in Figure

ary joint 22 Width of openings in these fiRures varied

The horizontal displacements toward the ex- from a fraction of an inch to 8 to 10 in. Depth of
plosive array were attributed to late time re the open joints is riot known, though it is
bound of the testhed toward the crater (Blonin estimated that in some cases it exceeded 30 ft

and Kaiser 1972). The open joints of the north- Figure 23 shows an open joint at a depth of 20 ft

15
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Figure 23. A view of the north side oi structure S, (from B;ouin

and Kaiser 1972).

which intersected the north side of structurc: S. poite side of the array It is somewhat difficult,

Pebbles were dropped down this joint from the: however, to envision that the bulking resulting

floor of S, to depths estimated in excess of 20 ft from these open ioints would be sufficient to

The upward vertical displacements on the cause vertical diplacements on the order of '12

east side, shown on the vector plot of Figure 12, to I ft

evidently resulted from a general bulking of the The motion monitoring instrumentation lo-

testbed on that side Since there were no well cated throughout the STARMET testbed provid-

defined boundaries to this bulking on the test Pd quantitative time-based comparisons be-

bed surface, it must gradually lessen with in- tween the motions within the thrust block, those

creasing range from the array Close inspection outside the block and those on the opposite site

of the walls of structures S, and S, in Figures 20 ot the arraN I-rom these comparisons it is possi-

and 23 reveals that in addition to the open re- ble to estimate a time-history describing the de-

bound joints, other joints, including horizontal velopment of the relative displacement along

ones, have been shaken loose in much the same the boundar, joint Typical particle velocity

manner as those within the joint hlo( k on the op- time histor~es from within the thrust block are

17
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Figure 24. Horizontal longitudinal and vertical velocities at instrumen.
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7972).
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Figure 25, Velocity time histories, instrumentation holes 5 and 7, range-20 and 40 1
ft, respectively, depth-4 ft (from Blouin and Kaiser 1972).

shown in Figure 24. These were taken at a depth slower rise to a second peak at 80 to 100
of 4 ft in instrumentation hole 15, located in the milliseconds (ms). The second peak is followed
northern end of the block where displacement by a long decay to zero at 650 ms into a rebound
was at a maximum. Both the horizontal time ending back to zero at 1300 ms. The phase dura-
history (positive velocitics indicate motion away tions of both the positive and negative portions
from the explosive array) and the vertical time are approximately 650 ms As shown in Figure 24,
history (positive velocities indicate motion up- the long decay on the vertical time history is
ward) show a rapid rise to an initial peak essentially linear at a slope of about 1 g This
followed by a short decay and then another would indicate that the block was in a state of

18
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Figure 26. Velocity and displacement, hole 22, range--60 ft, depth- 15 it (from Blou in
and Kaiser 1972).

free fall during this portion of the time h~story. that beyond the block The positive phase dura-
Motion within the block is contrasted with tions on the vertical time history are approxi-

that outside the block in Figure 25, which corn- mately equal, each lasting '/4 of a second, about
pares the waveforms frc,n hole 5 with those the same duration as the negative phase dura-
from hole 7, beyond the boidary joint, at the tion on the horizontal time history The linear
4-ft depth. The rise times to initial peak are near- portion of the vertical trace has a slope of 1 1/2
ly equal at each location. However, beyond the g's, indicating some restorative force acting on
boundary joint both the vertical and horizontal the testbed in addition to gravity. The time
velocities rapidly decay, while those within the during which this force acts is within the nega-
block show only a slight decay and then in- tive phase of the horizontal motion. If it is
crease. These essential differences in the wave- assumed that this restorative force is responsible
forms appear within 10 to 12 ms of the onset of for the long negative phase in the horizontal
motion and indicate that relative displacement trace, then the net resultant would be a vector
along the boundary joint has commenced at this pushing the rock down and toward the crater
time. The rapid decay beyond the joint con- the mechanics of this restorative force can be
tinues through both the positive and negative hypothesized from Figure 27, which shows dis-
phases, resulting in waveforms more than an placement hodographs for gage stations located
order of magnitude shorter than those from with- on opposite sides of the explosive array. These
in the block. The linear portion of the vertical were constructed by combining the horizontal,
velocity decay in hole 7 has a slope of 1 V. g, an longitudinal and vertical displacement time-his-
indication of restorative forces slightly in excess tories from the 4-ft depth in hole 5 and from the
of those due to gravity. 15-ft depth in hole 22. They show the displace-

Typical vertical and horizontal velocity time ment trajectories followed by these two points
histories from a range of bO ft on the east side of in a plane perpendicular to the explosive array
the array (hole 22) are shown in Figure 26. The viewed from the south. The point in hole 5, with-
rise times to first peaks are equivalent to those in the thrust block, clearly parallels the bounda.
both within and outside the thrust block on the ry joint The thrjst block slid up the joint a max-
opposite side The positive phase duration of the :mum of 78 in. at this point, then slid back dowsn
horizontal velocity is slightly shorter than that a distance of 23 in Elapsed time was approxi-
shown in Figure 25 beyond the thrust block, but mately 1300 ms Indicated permanent displace-
the negative phase is about 61/z times as long as ments were 19'/ in horizontal and 51 in ver-

19
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Figure 27. Displacement hodographs for opposite sides of STARMET array. I

tical, which agree very well with those measured The relatively long, straight displacement
in the post-test survey at the testbed surface in trajectory parallel to that of the thrust block
this area. indicates that motion on the east side of the ar-

The displacement hodograph from hole 22 on ray may have been controlled by the
the opposite side of the array is surprisingly northeast-southwest joint set of which the boun-
similar to that from hole 5. Initially, motion is dary joint on the west side of the thrust block is
upward and outward away from the explosive ar- a part. Another possibility would be control by
ray, as would be expected from the initial arrival the north-south joint set having a dip similar in
of compression wavs from the detonation. both angle and direction to the boundary joint.
However, within the !.rst 40 ins, the displace- Occurrence of relative motion along either of
ment trajectory turns dramatically back toward these joint sets would be unexpected, since
the explosive array and then follows a path neither of ther- seems to offer a path of least
parallel to the boundary joint for nearly 200 ms, resistance for relief of motion initially induced
reaching a peak displacement of 151/2 in. ver- by the detonation. This can be seen in Figure 27,

tically upward and 6/2 in. toward the array where the initial component of motion in hole 22
Following the peak, there is a downward and is nearly perpendicular to the subsequent path I
outward return, similar to that in hole 5, again of relief. However, both the permanent displace-
paralleling the boundary joint. The point comes ment survey and the ejecta distribution pattern
to rest after about 500 ms, with a permanent dis- on the east side of the array strongly substan-
placement of 8 in vertical and 2 Vi in toward the tiate the hypothesis that motion was governed
array This is in general agreement with th( post- by a joint set dipping toward the east, away from
test surface displacements measured between the array
the 40- and 50-ft ranges.
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Figure 28. Plan view, explosive huies, PLANI:'WAV[ II (from Figure 29. Schmidt hardness measured using a type

Blown 1969). N hammer on the wails of a 42-in. structural hole,
range--S7 ft (from Platt 1969).

PLANEWAVE II velocity attenuation between the 15- and 35-ft
ranges on the concave side of the explo-ive ar-

Test description ray.

PLANEWAVE II, fired on 16 March 1968, was As desclibed by Pratt et al. (1969), the test site

the second DIHEST experiment in rock, and the was located in the Estancia Valley, 45 miles east
only attempt at using a nonplanar explosive ar- of Albuquerque, New Mexico, in a rather compli-

ray designed to focus the energy into a pre- cated sequence of interbedded sedimentary

scribed volume of rock, thereby lessening the rock consisting of sandstones, siltstones, shales,

stress wave attenuation with range within this quartz pebble conglomerates and limestones

volume. While it is the only DII[ ST experiment Three 42-in-diam unlined structures were

to conclusively exhibit relative displacement% in drilled, using a smooth wall boring technique, on

layered sedimentary rock, such displacements the convex side of the "C" shaped explosive ar

have also resulted from high explosive cratering ray as shown in Figure 28. 1 he 37-ft deep struc-

charge detonations (MIDDL- GUST, MIXED ture, located at the 57-ft range provided an ex-

COMPANY) and from underground nuchlar de cellent view of the geologic section, a summary

tonations (MIGHTY EPIC) of which is shown in Figure 29. The top 3 ft con-

The explosive array, desc ribed bh 0 I'louin sisted of a very soft clay shale This was under-

(1969), had a total yield of 2.1 ton% and consisted lain by a harder red *shale with occasional thin

of 105 standard 40 lb ammonium nitrate ( rater. layers of soft clay shale, sandstone, and siltstone

ing charge canisters 1hes•( were grouted in 17 to a depth of 22 ft A laver of sandstone extend-

explosive holes, as shown in I-igur, 28, to forni a ed from 22 to 25 ft where it graded into a con-

"C" shaped array 45 ft in length with the .enter glomerate which extended to 33 ft Red shale

of charge at a depth of 22'1 ft I his geometry and siltstone underlay the conglomerate and ex-

was designed to minimize the peak parti(h I tended to the bottom of the hole at 37 It
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Figure 30. Contact between shale and sandstone

units in 42.in. structural hole, depth - 10 ft (FPatt
et al. 1969),

Included in Figure 29 are the results of a of the tremendous variation in material proper-

Schmidt hammer "hardness'" survev taken at in- ties betsseen and within the individual layers In

tervals throughout the depth of the hole 1he general, the conglomerate was the "hardest"

Schmidt hammer is normalls used to indi(ate rock in the sequence followed in order by the

un onf ined ( ompressive strengths of (on( rele sandstone. shale-siltstone, and soft clay shale

The rebound of a spring-lodded mass striking the Figures 30-36, from Pratt et al (1969), il-

concrete is indi( ated on the side of the hammer lustrate the complexity and some of the more in-

(the 'hardness") and can be related to the ( m- teresting details visible throughout the length of

pressive strength ard Young's modulus of the, this hole Figure 30 shows the shale sandstone in-
concrete The results of the survev are mdi( ate terface at the 10-ft depth and the layer ot soft

22
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Figure 35. Typ ca fracture in the quartz pebble con
glomerate, 42-in, structural hole (from Platt et al. 1969).

clay shale between 9 and 10 ft. In general, the

partings in the shale were horizontal. i e parallel whic

to the bedding, while the jointing in the sand-
stone and conglomerate was vertical. Typical I en
vertical joints in the sandstone layer are visible
in the bottom half of the figure' Figures 31, 32 -.. " ,

and 33 show some of the minor thin beds (1 ton4
in. thc co n throughout the sequence The

Theseowerae hompoed osfthca y she arile whiceoh4 t-

beds in Figures 31 and 32 occurred in the redtishale at depths of 15'/ and 17Y2 ft, respectively. ,• :"• •

Toes awvia erticmpse join infth conlay shale fiue3.whylrgietclcrcuehntequrzp

partially washed out during the drilling. Note the
predominant horizontal partings within the shale h -a
in Figure 32. A thin siltston- bed within the sand- I,

stone layer at a depth of 25 ft is shown in Figure

33. The sandstone-conglomerate interace at the2
27 Itdepth is shown in Figure 34. The intersection
of the hole wall with the quartz inclusions in the
conglomerate showed that the particle size of :34 ft
the quartz pebbles ranged up to approximately 2

in in diameter. Figure 35 shows the intersection
of a typical vertical ioint in the conglomerate Figure 36. Very large vertical fracture in the quartz peb-
with the hole wall The joint is open approsi- ble conglomerate, depth-32-34 It, 42-in, structural
mately ,,A in at this poini A se.cond open verti- hole (from Plait et at. 1969).

cal oinmt in the conglomerate is shown in Figure
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Figure 37. Section view, PLANEWAVE II instrumentation (from Blouin

1969).

36. This joint had an opening of nearly 1 /. in. at to the top in much the same manner as a deck of
its widest point Prior to drilling, the opening was cards is displaced when pushed from the side.
filled with a soft clay .-iaterial, as can be seen The sum of the individual displacements totaled
near the top of Figure 36. which washed out dur- approximately 5 in. The structure at the 57-ft
ing the drilling. The interface between the bot- range experienced similar motions with the top
tom of the conglomerate and the underlying red shale layer, though the displacements were only
shale is apparent near a depth of 3 3 14 ft. Note about half those of the 47-ft range structure. No
the abrupt termination of the vertical joint in the significant differential motions occurred within
interface the 72-ft range structure.

For instrumentation purposes, the sequence
was modeled as a three-layer system, with the .-

sandstone-conglomerate taken as a single layer
sandwiched between red shale on its top and
bottom. Ground motions were monitored with
velocity gages and accelerometers grouted in
the eight free-field instrumentation holes shown
in Figure 28. A section view of the instrumenta-
tion locations and idealized layers is given in
Figure 37 Instrumentation was located near the ,
top, middle and bottom of the too two layers
and near the top of the bottom layer Instrumen- .
tation hole 8, adjacent to the 37-ft structure,
contained accelerometers only, between 20 and
35 ft deep

Test results
The outstanding features noted post-test were

a series of differential slips along horizontai
beds or planes of separation in the structures at
the 47- and 57-ft ranges (Vaughan 1969) These
are shown in the downhole view of the 15-ft deep

structure at the 47-ft range in Figure 38. At least
six slip planes were visible These allowed the Figure 38. Vifferential displacements along bed-
base of the structure wo move outward relative ding planes--PLANEWAVE II (from Blouin 1969).
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i '• o-T D LoyerW ith o nly m inim al free field instrum entatio n :

\ ,-Middli Layer on the structures' side of the array (only one ac-
celerometer produced any data) the ground mo-tion field in the vicinity of the structures must be

10 •,estimated from the measurements on the op-

S" 
\ posite side of the array. Experience with the

DIHEST geometry and data analysis has shown
to that at ranges beyond the half length of the array

(in this case 22'1 ft), the array geometry has !ittle
etfect on the attenuation of ground motions; i.e.

.i,4 beyond this range the explosive array can be ap-

proximated as a point source equal in yield to
the total DIHEST yield (Cooper and Blouin 1971).

I A' ,Thus. even though the PLANEWAVE II array was
1 so ioo ft designed to reduce attenuation within 35 ft. it is

estimated that at the ranges of the structures1.1.1 . I ,I

4 10 so m (more than two half-lengths) the peak particle
Range velocities on one side differed little from those

Figure 39. Peak velocity vs range- on the other. Figure 39 is a logarithmic olot of
PLANEWAVE II. peak velocity as a function of range. The more
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Figure 40. Typical velocity vs time--PLANEWAVE II (from Biouin 1969).
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Figure 41. Seismic and peak horizontal stress propagation velocities for

ROCKTEST II, HANDEC II, and DATEX II.

varied materials at the PLANEWAVE II site may Compression wave velocity as a function of

account for the factor of five data scatter at any depth at the ROCKTEST II site is shown in Figure

given range, which is somewhat higher than that 41. There is reasonable agreement between the

experienced in other DIHEST shots. Taking the seismic crosshole velocities and the velocities

fit shown in Figure 39, the estimated average obtained from first arrival of the DIHEST pulse.

peak velocities at the 47-, 57-, and 72-ft ranges These tend to show a substantial increase in

are 8/2, 6/z and 5 ft/s, respectively. The single velocity with depth in the top 30 ft of the test-

integrated accelerometer record at the 57-ft bed. Near surface velocities are on the order of

range agrees well with these estimates, having a 8,000 ft/s and range up to over 11,000 ft/s at

peak velocity of 5 ftis. The velocity positive depth. This corresponds to the transmission

phase duration between the 35- and 65-ft range velocity of peak stress which is always slower

averaged 41 ms. Typical velocity time-histories than the seismic or first arrival velocities. The

at the 15-and 65-ft ranges are shown in Figure 40. transmission velocity of peak stress ranges from

Because of poor instrument cable protection approximately 6,000 ft/s near the testbed surface

and baseline shifts, the data on peak and perma- to 8,500 ft/s at depth. Cooper and Blouin (1970)

nent displacements are inconclusive, note that the dynamic confined modulus of

A concerted effort was made to define in situ deformation, ED given by

material properties at the Cedar City site for use

in computer calculations and predictions of D = c, (1) I
ground motions. Results are summarized by

Coroer and Blouin (1971) and by Biouin (1970d). where k is mass density and c the peak stress
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propagation velocity, controls deformations from a 1000 Ibf/in HEST loading. This would
within a testbed. The peak stress propagation ye- tend to negate some, but not all, of the dif-
locity, rather than the seismic velocity, is used to ference between the DATEX I propagation

compute the deformation modulus velocities and those from HANDEC II and
An indication of the variation of material ROCKTEST II

properties from site to site is also shown in

Figure 41 where peak stress propagation veloci-
ties from DATEX II and HANDEC II are com- DATEX II
pared to those from ROCKTEST II. The HANDEC
and ROCKTEST velocities are nearly identical, Test description
as would be expected from the close proximity DATEX II was the first DIHEST array to utilize
of the two tests The DATEX velocities are slurry explosives. To produce the ground mo-
significantly lower than the others, possibly in- tions needed for a viable test of the large
dicating a considerably softer in situ rock at that ROCKTEST II structures, it was necessary to in-
site. The DATEX site was somewhat removed crease the explosive density used in past
from the others, being located approximately DIHEST arrays by nearly an order of magmitude.
600 ft east and downslope from the ROCKTEST The use of explosive slurry pumped into unlined
site. Some of this velocity difference may be ex- holes was chosen as the most e;.pedient means
plained by the fact that both the ROCKTEST II of achieving this increase. DATEX II served as a
and HANDEC II testbeds were under consider- proof test of the slurry explosive concept. A
able confining pressure from the HEST event at total of 41 tons of aluminized ammonium nitrate
the time the DIHEST was fired. For instance, the slurry* was loaded into 29 nominal 12-in -diam
HANDEC II DIHEST was initiated 46.0 ms after explosive holes spaced 7.14 ft on center between
detonation of the HEST explosives. Pressure in a depth of 29 and 65 ft. The explosives were con-
the HEST cavity is estimated to have been on the tained with keyed grout and concrete plugs as
order of 1000 lbfiin.1 during passage of the stress shown in the section view of Figure 43. The ex-
"waves from the DIHEST detonation Figure 42 plosive array thus formed was 200 ft long and 36
shows the influence of confinement on sonic ft high with 'he center of the explosive mass at a
laboratory compression wave velocity in intact depth of 47 ft. Density was 11.4 lbift' of array.
specimens from the HANDEC II testbed If these
data are extrapolated to the field situation, one
would expect an increase of approximately 30% "DBA-X2M slurry explosive mdnufactured by Inter-mountain
in stress wave transmifsion velocity to r2sult Research and Engineering Co Inc. West Jordan, Utah
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aFigure 43. Plan view of .ATEX II (from Blouin 1970a.

which contrasts with a density of 1 1 lb/ft' of at- ray Structures 1, 2, and 4 were unlhned, smooth-
ray used on the DATEX I and HA'NDEC I arrays walled, 6 ft in diameter, 15 ft deep, and located•

and 1,3 lb/ft 1 used on STARMET. at 95-. 110- and 125-ft ranges, respectively Struc-
With the increased density, it became ture 3 was perimeter drilled, blasted and hand

necessary to cover the explosive array with a excavated It had a liner consisting of a 6-t-diam
large trapezoidal earth berm in order to keep section of steel culvert backfilled to the rock
rock ejecta from endangering the instrumenta- walls with approximately 9 in of nonreinforced
tion vans and personnel. The DATEX II berm, concrete There were no ground motion

shown in section in Figures 44 and 45 averaged measurements on the structure's side of the ar-45 ft high and contained approximately 115,000 ray

cubic yards of soil. As with other early DIHESI experiments, no

As shown in Figure 43a, all active ground mo- effort wras made to determine post-test perma-
tion measurements were made on the north side nent displacements within the testbed In fact.
of the explosive array at ranges from 50 to 18s ft. most of the DATEX II bed was covered with a

instrurcentation consisted of velocity gages, ao thin layer S f soil, which, combined with the huge
crulerometers, and strain gages which were amount of berm material lofted onto the testbed
located between 3 and 41 ft in depth Four struo (see Fig 44 and 45), would have made it impossi-
tures, described by Plamondon and Browder ble to detect any differential displacements

(1970), were located on the south side of the ar- within the testbed without an extensive post-test
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Figure 44. North-south section of DA TEX II berm and apparent crater(from

Blouin 1970a). -
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Figure 45. East-west section of DA TEX II berm and apparent crater (from

Blouin 1970a).

excavation program Only the structures were non is shown in Figure 48 and the bottom section

surveyed pre-test and located and resurveyed in Figure 49 Plamondon and Browder (1970)

post-test. hypothesize that the structure was intersected

by a joint dipping gently toward the explosive ar-

Test results ray, as shown schematically in Figure 50.

Dramatic evidence of relative displacements Relative displacement along the joint is similar

was observed in the DATEX II structures This is to that shown in the photograph of structure 2.

summarized by Plamondon and Browder (1970) but the magnitude is much greater Though

and by Blouin (1972) Structure 1 at the 95-ft structure 4 was only about 20 ft from structures

range (Fig 46) was so severely damaged that 2 and 3, it suffered relatively little damage from

reentry was impossible The pipe in the picture is relative displacements along nearly horizontal

what remains of one of the diameter change joint planes. Rather, a block of rock bounded by

monitoring systems Figure 47 is a view of struc- two vertical joints was propelled nearly 6 in into

ture 2 and the 110-ft range during reentry the structure on the blastward side as shown :n

Relative displacements (on the order of 2 ft) Figure 51 The opposite effect was noticed at the

along nearly horizontal ioints are visible in the back of the structure, where the same blo ýk

photograph The lined structure 3 at the 110-ft moved several inches radially outward, in-

range suffered a severe relative displacement in Jicating that the block, though only a little more

which the top 5 ft of the structure was displaced than 1 it thick, was quite extensive in area and

13 ft relative to the bottom section The top sec- extended a considerable distance below the

structure j
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Figure 52. Permanent displacement of DATEX II structures
(from Blouin 1970).

Figure 52 is a plan view of the nominal perma- placement trajectories in the vertical plane of
nent displacements of the four DATEX II struc- symmetry perpendicular to the explosive array.
tures Ignoring the 13-ft relative motion, these Though no post-test excavation was carried out
displacements vary from approximately 6 ft at to define the true crater boundaries, the
the 95-ft structuie to 1 ft at the 125-ft structure. ROCKTEST II crater (using a similar DIHEST ex-

Since no active ground motion instrumenta- plosive array) extended 80 ft from the array If
tion was located on the structures' side of the ar- this dimension i1 assumed for the DATEX II
ray, the rmotion on the Instrumentation side will crater, both the trajectories in hole 17 would be
be summarized, assuming that it is indicdtive of placed within the crater. Beyond the crater. dis-
motion on the structures' side Figure 53 is a placement patterns are similar to those expected
displacement hodograph showing the dis- from calculations based on first principles of
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I I 1 I 1 I I I I I I
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Figure 53. DA TEX It displacement tralectories.
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' Cooper et al. 1971).

x 20.pt

30 0-to(.om

40 .- 16t (4.sm)
rtn/ ft/s ft

0 60. OePth
0-o ft(I 2 m)

40- %16 if (4.9 m) 20 0

10k 0~
B- \ 4- 0

S42  '' , 2 , * *

I IIO.1 e I

2C 6% C" %

20 40 00 400 10 60 40

C, ,- N . I • I , , , ,

Figure 55. DA TEX 11 near-surface peak horizon- Figure 56. DA TEX II peak vertical velocities.
tal velocities.

mechantcs (Cooper et al. 1971) shown in Figure surface displacements (1 ft or more) occurred
54 Inttial motion results from arrtal of the corn- out to a range beyond 130 ft These tend to be in

piression wave and is directed away from the ar- good agreement with the permanent structural
ray along a line originattng at the center of mass displacements shown in Figure 52
of the charge. Soon thereafter, free surface ef- A plot of peak horizontal velocittes from the
fe ts tend to turn the displacements upward near-surface gages is shown in Figure 55 Data
toward the surface It ti apparent from the scatter at any given range is nearly a factor of
DATI:X II traiectortes that sitgniftcant near- three Ustng the fit shown, nominal projected

35

0



6- 20- De/pth: W11.2_m)

: - -0

6FZO16'(4.9m) bl

4- ,0- - COW

2 L 40 so 120 ieo 200 240
to.1  T.nm. (mg)

Figure 57. DA TEX It velocity time histories for hole 4.
range- 170 ft.

horizontal velocity at the 95-ft structure was yield of 46 tons. A 7.14-ft on-ce,*ter hole spacing
1814 ft/s, dropping to 121/, ft/s at the 125-ft struc- was used with the slurry contained at between a
ture. A similar plot of peak vertical velocities is depth of 25 and 65 ft The explosive slurry and
shown in Figure 56. A comparison to the horizon- other details of the array are identical to those
tal fit shows peak vertical velocities to attenuate described in the section on DATEX II
considerably faster than the peak horizontal A large earth berm was again employed to
velocities. Nominal projected vertical velocity contain the ejecta from the DIHEST detonation.
at the closest structure is 10 ft/s and at the far- The height of the berm was reduced from 45 ft
thest structure 71 ft/s. Typical vertical and on DATEX II to about 40 ft Pre- and post-shot
horizontal time histories (from Blouin 1970a) are sections through the berm and testbed are
shown in figure 57 These are from hole 4 at a shown in Figures 59 and 60. Pre- and post-shot
range of 110 ft and depths of 4 and 16 ft. They airphotos of the berm are shown in Figures 61
are similar in form to the time histories from the and 62. Note the close proximity of the
east side oi the STARMET array in that horizon- ROCKTEST II testbed.
tal motion is restrained while vertical motion is Active ground motion instrumentation was lo-
not. Positive phase duration of the horizontal cated in the 13 instrumentation holes shown in
traces is approximately 100 ms, while the ver- Figure 58 between ranges of 55 and 180 ft from
tical duration extends well beyond 250 ms the DIHEST array and at depths from the HEST

testbed surface to 60 ft (see Blouin 1970c for a
complete description of the instrumentation). As

HANDEC II shown in Figure 58, the HEST bed was parti-
tioned into two halves. The southern half con-

Test description tairied the free field instrumentation, and the
HANDEC II was the second combined HEST- northern half contained two experimental struc-

DIHEST shot at Cedar City The first combined tures, 1,, and S,2, along with experimental
test, HANDEC I, used a duplicate of the DATLX I closures. S,,-S,. extending only a few feet into
and STARME1 DIHESi arrays but as noted pre- the testbed Structure S,, had an inside diameter
viously, produced no significant relative dis- of 6 ft. a depth of 20 ft. and an 8-in, wall of rein-
placements A plan view of HANDEC II (as forced concrete lined internally with a 'i,,-in.
described by Blouin 1970b) is shown in Figiire 58 welded steel cylinder Structure S,, was similar
The HEST was a nominal 60 It long by 90 ft wide, to S,, except that it was surrounded with a soft
and was designed to simulate the airblast and 6-in. layer of foamed concrete backpacking.
airblast-induced ground motions from a 1-mega- Complete details of the structural experiments
ton surface burst at the 3000-lbfiin I over- in HANDEC II can be found in Carellas and
pressure range The DIHEST was detonated 4b Browder (1969), Higgins (1970), and Carellas
ms after the HE SI to produce the time deldy be- (1970)
tween the airblast arrival and direct induced ar- The HIST bed was thoroughly cleaned prior
rival appropriate for the design criteria. rhe to the test and a complete joint map, shown in
DIHEST array was nositioned 95 ft to the west of Figure 63, was prepared The predominant joint
the HEST facility The array had a total explosive set strikes nearly north-south with a vertical dip
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Figure 58. Plan view of HANDEC II (from Blouin 1970c).
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(from Blokin 1970c).
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Figure 63 Joint map of HANDEC 11 test bed (from Blouin 1970c).

Spacing varied from several inches to more than manner described previously by !ohnson (1962).

10 ft. In addition to the joint map, the base of Figures 66 and 67 are views of re!alive motion
each column used to support the roof and over- that occurred in the southwest corner of the test-
burden of the HEST facility was located by bed along one of the north-south joints which

survey This resulted in a grid of surveyed points dipped gently toward the east (eithei at 300 or
4 ft on center in the east-west direction and 712 270, see Fig. 63). Figure 66 is a view looking
ft on center in the north-south direction toward the south along the joint. The rock on the

right-hand side of the photograph (toward the
Test results explosive array) has been wedged downward and

Significant relative displacements were mea- outward along the joint relative to the rock on
sured post-test on the free field side of the HEST the left. Figure 67 is a closeup of the same joint
testbed and also within the HANDEC I testbed looking toward the north showing two column--
which lay obliquely off the south end of the bases origirally separated by a distance of 4 ft
HANDEC II DIHEST array It is presumed that all The rock toward the explosive array (on the left

displacements were due to the DIHEST detona- in this photograph) has moved outward a dis.
tion only Figures 64 and 65 shcw the permanent tance of 22 in and downward a distance of
horizontal and vertical displacements obtained approximately 18 in relative to the rock on the
from the pre- and post-test surveys of the right. The displacement vectors in Figure 65 in-
column bases Both horizontal and vertical dis- dicate that all surveyed points within the testbed
placements were significantly larger on the tree had upward permanent displacements, despite
field side of the testbed. This was a result of dif- the considerable relative vertical motions in-
ferential motion along the east-west joint dip- dicated in Figure 67. A schematic section view of
ping toward the south zt 830 which nearlh bi- this relative displacement is shown in Figure 68.
sected the testbed between the structures and which shows a general uplift and tilting of the
free-field instrumentation The permanent hori- testbed from front to back Figure 68 also in-

zontal displacements tended to follow the paths cludes the relative motion along the joint, where
of least resistance offered by the vertial the block near the explosive airay moved down-
north-south joint set Displacement was gener- ward and outward relative to the block farthest

ally parallel to the strike of these joints and *s from the array, but at the same time displayed
believed to have been channeled by them, in the absolute displacement upward and outward
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Figure 65. HANDEC 11 permanent verticai displacements (from I-tiggins 1 970).

This relative motion is unique to those experi- A detailed account of the HANDEC 11 struc-

enced in the DIHEST series ;n that it did not ap- tural performance is given by Higgins (1970). He

pear to follow a path of least resistance. Rather, indicates that the lined silo (S,,) suffered major

the block close to the explosive array seemed to structural dlarnae below a depth of 10 ft due to

act as a wedge being driven beneath the adja- a relatively minor relative displacement of 0 3 ft
cent block but with a net upward displacement along a joint intersecting the structure at that
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Figure 67 HA..N;DL( If relative displacement in the southw~e~t corner of

test bed ifrom Bloum 19"1 7()C

depth Figure 6L9 sho•,s that the, bottom ote tht. It i, no•ted that the, inteLrse~tlon ol th,,, joint with

structure moved tow,,ardJ the northe~ast rv~l,itic t, o the, wlttw(d ,urto(c i,ý• notl (• ýi(det on tihtý pre-te,,t

the top Motio0n 0(': Urred along4 a jinnt ',trnking ;oinnt mal). nor does,,' thi', jint! ,hmop •1 on the prv,-

N27°W dipping 20° loý-,ardJ the northeast. h, te•,t ji(nt map l• the. ,IrLJ( t(Ure %.alk• prodluted

waS proiected to inter,,ect the uppe)(r north ( or- Item pho•tographs and fie'ld obwrý,(i•.tioný

her of the explosi, e array a% showNn in fIgur(ý 7j) IN,( bar kpakv'd 0do .S,; •uLiered no dainage
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Figure 77. Plan view of HANDEC I and II test bed.
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A

to the inner steel liner and only very minor the unlined structure S2 approximately 14 of the A

cracking of the concrete liner, although Higgins way between the front and the back. This joint is
(1970) reported that there were small relative clearly visible in Figure 73. According to Higgins
motions or a "tendency toward motion" along (1970), the portion of the structure in the right-
many of the pre-existing joints in the surrounding hand portion of the photograph is contained
rock. He noted that the foam concrete back- within the thrust block and has moved relative
packing was compressed at least 1 to 2 in. and to the stationary rock in the left half of the
possibly as much as 4 in. in some areas, in- photograph. The vertical joint which strikes
dicating that relative motions were minor and toward the south end of the HANDEC II DIHEST
that the backpacking was able to absorb the mo- array forms the SE boundary of the thrust block.
tions without damage to the structure This is shown in the schematic plan view of

The most dramatic relative displacements Figure 75, which extrapolates the vertical joint

resulting from the HANDEC II DIHEST occurred (striking N11E) to an intersection with the
in the adjacent HANDEC I testbed, shown in the DIHEST array very near the south end of the ar-
plan view of Figure 71 The HANDEC I testbed ray Figure 76 is a schematic section view of the
was located to the southwest of the HANDEC II transverse joint forming the base of the thrust
DIHEST array with the nearest structure some 99 block. It intersects the DIHEST array near the
ft from the south end of the array and 188 ft center of mass of the explosives. The extrapo-
from the center of the array HANDEC I was a lated locations of the boundary joints indicate
combined HEST-DIHESr event utilizing a that the block which moved relative to the sur-
40-x60-ft HEST cavity, and a 2.2-ton DIHEST ar- rounding rock was similar to the thrust blocks
ray which was a duplicate of that employed on hypothesized on DATEX II and documented on
the DATEX I and STARMET DIHEST only shots. STARMET It moved along paths of least resis-

A description of HANDEC I is given by Blouin tance which in!._rsected or came close to the ex-
(1970b) and Carellas et al (1969) There were no plosive array
significant relative displacements observed on A section view of the displacement hodo-
the test The lined structure S, with a 6-ft inside graphs from the instrumentation adjacent to the
diameter, a 20-ft depth, and a nominal 8-in. rein- testbed centerline is shown in Figure 77 Dis-
forced concrete lining surrounding a ¼-in, steel placement trajectories are similar to those from
inner lining, exhibited only minor bulging in the other DIHEST experiments, moving initially out-
steel liner. The unlined structure 52, also6x2O ft, ward away from the center of mass of the ex-
showed very small relative displacements along plosives, followed by an upward turn as !he ef-
preexisting joints. fects of the free surface come into play. Magni-

The HANDEC I structures were severely dam- tudes and direction of the near surface displace-

aged by the HANDEC II DIHEST array as shown ments are in general agreement with the perma-
in Figures 72 and 73 Figure 72 shows the com- nent displacements indicated in Figures 64 and
plete collapse of the steel liner in the reinforced b5. The horizontal displacement hodographs
structure S, which resulted from a large relative from depths of 4 and 18 ft (shown in Figures 71
displacement along a transverse joint dipping and 79, respectively) vary significantly from the
toward the DIHEST array A view of the ined permanent horizontal surface motions indicated
structure S, with the steel lining removed is by the displacement vectors !n Figure 64 While
shown in Figure 74 the magnitudes are in general agreement, the

The joint surface dipping toward the DIHEST transverse component is in the opposite direc-
array at the top of the photograph is clearly visi- tion. i e the instrumentation indicates that
ble According to Higgins (1970) the top of thp displacement was outward from the array and
structure has displaced approximately 2¼12 it toward the south, while the post-test survey in-
horizontally and 1 /2 ft vertically relative to the dicates that motion was outward from the array
bottom The transverse boundary joint strike is and towards the north The probable cause of
approximately N45 0 W and its dlip is between 250 this discrepancy iý that somewhere in the in-
and 300 toward the northeast The relative mo- strumentation hookup, or in the data reduction.
tion is very similar to that hypothesized to have the polarity of the instrumentation measuring
sheared the top of structure 3 in the DATEX II ex- horizontal transverse motion was reversed Un-
periment fortunately, this is a fairly common occurrence,

The latera: boundary on the east side of the even to this day It would be considerably more
slip block was a veitical joint vh,4h intersected difficult to argue that the results of the post-test4
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Figure 75. Extrapolation of the near-vertical joint at the HANDEC I
structures to the HANDEC II DIHEST array (from Higgins 1970).
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Figure 76. Extrapolation of the transverse slip surface at thhe HANDEC I

DIHEST array (from Higgins 7970).
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Figure 80. HANDt C II near-surface peak horizon. Figure 81. HANDEC /I near-surface peak ver.
tal velocity. 

tical velocity.

survey are in error. if the horizontal transverse shown in Figures 80 and 81. They tend to fall onpolarities are reversed, the displacement tralec- the upper side of the DATEX II peak velocities,tortes are in good agreement with the surveyed partially as a result of the increased yield andpermanent displacements 
partially because the HANDEC II testbed wasPeak horizontal and vertical near-sLtrface somewhat "harder" than the DATEX II bedocities from the HANDEC II DIHEST are (Blouin 1971) Attenuation also appeared to be
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Figure 82. HANDEC II smoothed and corrected air pressure time-history.
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S~Figure 83 Typical HANDEC II time-history from hole .5, depth--4 ft.

.slightly lower in the HANDLC II bed. As was the It should be noted that, because the HEST was

case with DATEX II, the horizonta' velocities are initiated prior to the DIHEST, there was a

slightly higher than the vertical velocities close substantial amount of air pressure on the HESI
to the array, becoming significantly higher far- bed at the time of arrival of the D!HEST pulse

ther from it. Peak velocities at the range of the Intuitively, one would expect this pressure to
large differential displacements within the minimize relative motions wsithin the testbed

HANDFC II bed (approximately 110 ft) averaged along transverse loints because of the added
22' ft.0s horizontally outward and 12 ft~ s ver- fricton component tending to resist motion

ticall,, upward. The peak velocities in the vicini- resultig from the added normal stresses Figure

ty of the HANDEC I structures can only be esti- 82 is a smoothed and corrected air pressure time

mated because no data are available from that history taken near the center of the HEST bed.
location and, as shown in Figure 71, the T-he DIHEST arrival time at this point was ap-
HANDEC I structures lie off the south end of the proximately 60 ms at which time there was

DIHEST array As~suming that only the south half roughly a 1000 Ib(~in• air overpressure on the
of the DIHEST array contributes to the motions testbed Since typical positive phases of the near
at the HANDEC I structures and that peak veloc- surface norizontal velocity time histories

ity scales with the cube root of the yield, peak averaged 150-200 mns, the air overpressure on

horizontail velocity at the, unlined structure S, (a the bed should have dropped to about 200

distance of 142 ft from the explosive center of Ibf"in by the time peak horizontal
mass) would average about 1 2

/j ftis and peak displacements we:e reached
vertical velocity sligh-tly over 6 ft.,s Averages at lypical HANDEC II near-.surface velocity and

the lined structure S, (approximately 1ES ft displacement time-histories from hole 5 near the

distant) are estimated at 10%,' ft ; horizonta!ly ienter of the testhed are shosn in Figure83• the
and 4¼• fti's vertic ally passage of the air shock is obviou~s on the ver-
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tical time history where it results in a substantial Active ground motion instrumentation was
negative velocity peak near time zero. The ar- located in the 18 instrumentation holes shown in
rival of the DIHEST signal at approximately 60 the plan view in Figure 85 at ranges from the
ms is evident on both the horizontal and vertical DIIHEST array of between 40 and 425 ft. Depth of
traces The shapes of the DIHEST portion of the measurements ranged from the testbed surface
pulses are similar to those from DATEX II to 1U0 ft. Details of the instrumentation layout
Horizontal motion is of relatively short duration and operation are given in AFWL-TR 70-111,

-compared to the vertical motion. The linear 1970.
slope of the vertical velocity trace, being slightly Of the many structural experiments located in
higher than 1 g, indicates that the surface of the the ROCKTEST II testbed, the ones relevant to

testbed was in spall However, since the direct the post-test permanent displacements are iden-
induced pulse was sufficient to spall the surface tified in the plan view of Figure 85. Structure 01
normal stresses on transverse joints would be ex- was a full size side-by-side silo with a rise and

pected to approach zero, thereby negating any rotate closure. It was heavily reinforced and ex-
restraining effects of increased air overpressure tended to a depth of 75 ft Structure 02 was a
on relative displacement. half scale side-by-side silo with rise and rotate

closure which extended to a depth of 35 ft.
Structure 03A wa, a 12-ft-diam unlined silo with

ROCKTEST II closure extending to a depth of 10 ft. Structures
05, 06 and 07 were 6-ft-diam x 40 ft deep silos

Test description with closures Structure 05 was lined with a rein-
ROCKTIEST Ii, fired in March of 1970, was the forced concrete liner, 07 was lined with a rein-

largest HEST-DIH.,T shot to date. The primary forced concrete liner surrounded by a foamed
goals were to test a full-scale, half depth concep- concrete back packing, and 06 was unlined
tual missile silo in rock and to demonstrate the (AFWL 1971].
ability to simulate a combined nuclear airblast The HEST bed was cleaned prior to construc-
overpressure arid direct induced pulse on a large tion of the HEST overburden support structure

scalc (AFWL 1970) As shown ii, Figure 61, the and thoroughly mapped. The joint map is shown
250-ft-long x 400-ft-wide testbed is located just in Figure 86. Two important joint sets are delin-
to the soLcheast of the HANDEC II bed. The eated on the separate maps shown in Figures 87
DIHEST array, shown in the plan view of Figure and 88. The first is the nearly vertical north-
84, was located 75 ft east of the HEST bed. The south set which controlled motions in the
time delay between the HEST detonation and HANDEC II bed. The second is a set or sets of
the DIHEST detonation was exactly 45.0 m5 The low angle joints which tend to strike parallel to
array was 501 ft. 8 in long with the explosives the DIHE1T array and which dip towards it
contained between the 35- and 75-ft depths The (easterly) at between 250 and 450. joints from
cross section of the explosive holes is similar to these two sets ( ombined to control relative dis-
that for HANDEC II, i e. a 40-ft explosive column placements within the ROCKTIEST II bed Unfor-

but with a 10-ft deeper bural so that the center tunately, subsequent to the preparation of the
of mass of the explosive charge was at a depth of joint map, the testbed was drilled, blasted and

55 ft. The explosive hole spacing (approx. 7 ft, 2 excaýated to an elevation 6 ft lower thdn that
in ) and explosive density per unit area of array shown Since there was insufficient time for pre-
(11 7 lb/ft') were approximately equal to those paration of another map, exact locations of
used on DATEX I and HANDEC II The total joints on the final testbed can only be approx-
weight of explosives in the ROCKIEST II array imated from these maps
was 117 tons. The DIHEST array was covered
with an earth berm similar to those used on Test results

DATEX II and HANDEC II The height of the Figure 89 shows the major relative permanent
berm was increased from 40 ft used on HANDEC displacements in the ROCKTIES1 I bed resulting
II, to approximately 45 ft. Pre- and post-test sec- from the DIHlST detonation The largest dis-
tions through the berm are shown in Figure 84 placements occurred in the north half of the

testbed in the form of the large block shown in
Figure 84 bounded by preexisting joint surfaces

The block extended approximately 140 ft west
*I % Kaiser. personaI ornmmunit Io.. 19"u from the edge of the DIHEST crater (which in
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IL figure 85. Plan view, ROCKTEST /I.

turn extended approximately 80 ft from the striking rortheast toward the north end of the
DIHEST array). The black averaged about 150 f t DIHEST array.
in width. it was thrust toward the west along a An airphoto of the thrust block is shown in
joint of the low angle set shown in Figure 88 Figure 90, looking east toward the DIHEST array.-
which dipped toward the explosive array at an Closures for structures are 01, 03A, 06, and 07
angle of approximately 200. The block encom are identified. The low angle boundary joint dip-

*passed the top portions of structuires 03A, 07 and p'ng toward the DIHEST array is clearly visible
06 (see Fig. 89). Permanent horizontal displace- as well as the system of vertical joints forming
ments were approximately 10-12 in in the vicini- the northern boundary of the thrust block. The

tty of structure 03A. Melzer (1970) noted that this eastern edge of the block at the crater boundary
magnitude was reduced somewhat toward the is identifiable in the cleared east-west swath.
intersection of the joint with structure 01. Near The 03A closure had been upturned by the ac-',this intersection, the displacements appeared to tion of the thrust block wedging the base of the
branch along two joints, one running to the side closure against the stationary rock beneath the
of the S01 structure and the other bending boundary joint. Figure 91 is a view of the low-
toward the east The southern boundary of the angle boundary joint looking north aloing theVthrust block was formed by a near-vertical joint joint. The stationary side of the joint is to the left
which bisected a hine between structures 05 and of the photograph while the thrust block lies to07. The northern boundary of the block wsas the right. The upturned 03A closure can be seen

*formed by a combination of vertical joints in the background. A projection of the joint in
running just to the north (if structure S03A the vicinity of structure 03A hack to the DIHEST
almost perpendicular to the DIHILST array Ap- array is shown in Figure 92. The joint intersects
proximately 15 ft west of structure 06, the dis- instrumentation hole F04 at a depth of 20 ft, at
placement branches along another vertical joint the location of a cable break which occurred at
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Figure 93. View west of vertical joints at the north edge of Figure 94. Joints in structure 07 in which major
the ROCKTEST II thrust block, relative motion occurred (from Higgins 1971).

82 ms (i.e 37 ms after the DIHEST array was tural damage occurred between the 15- and 23-ft
fired) The joint intersects the unlined structure depths. The top of structure 07 moved 6W'/ in
06 between the 30 and 35 ft depth and the horizontally outward from the DIHEST array
DIHEST array very near its base Figure 93 is a relative to the bottom as well as 2 in. vertically
view of a portion of the vertical joint(s) forming upward. Motion occurred along two nearly
the northern boundary of the thrust block look- parallel joints which intersected the structure
ing west toward the 03A closure, between 15 and 23 ft as shown in Figure 94. The

1he thrust block observations on the testbed upper joint (joint A) had a strike of S 751 E and
surface are in excellent agreement with post-test dipped toward the array at an angle of 190, while
observations made in sructures 05 and 07 by Hig- the lower joint had a strike of S 440 E and dipped
gins (1971) Damage to the lined structure 05 toward the array at an angle of 280. The orienta-
resulted from crushing and buckling near the 90 tion and projected intersection of those two
and 270' azimuths (the 00 azimuth extends joints with the explosive array is shown in Figure
toward the DIHEST array), with little or no 95. As was often the case, neither of these joints
damage due to relative displacements along pre- was identified before the test From Higgins's
existing joint surfaces However, the lined back- (1971) observations, ijl would appear that there
packed structure 07. which was within the thrust was some branching of the displacements along
block as shown in rigure 89. was heavily at least two low-angle joints near the southern
damaged by relative displacements along the boundary of the thrust block This is probably
200 boundary joint The intersection ot this joint also evidenced on the testbed surface by the
with the structure 07 (superimposed on Fig 92) is branching noted in the vicinity of structure 01
projected to occur between the 20. and 25-ft There was very little evidence of relative dis-
depths Higgins (1971) notes that the major struc- placements in the south half of the ROCKT-EST II
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Figure 96. ROCKTEST II near-surface peak horizontal and verfical velocities.

bed. Melzer (1970) recorded only small, scat- the surface Melzer (1970) estimated that the

tered fractured zones on the testbed surface. maximum relative displacement in these areas

There was a zone of very small relative displace- occurred near the south edge of the testbed and

ments which intersected the north side of struc- had a magnitude of approximately 2 in.

ture 02, as shown in Figure 89. The cracking A plot of near-surface peak horizontal and ver-

around structure 02 differed from that around tical velocities from the ROCKTEST II DIHEST is

structure 01 in that it pierced the concrete collar shown in Figure 96 Thefe both tend to attenuate

and caused buckling of the steel liner at the 2700 somewhat faster than the HANDEC II velocities

azimuth -within the equipment room The only Peak velocities at the 125-ft range of the close

other significant cracking in the south half of the structures averaged about 20 ft/s, both horizon-

testbed was the small zone approximately 25 ft tally outward and vertically upward. Horizontal

east of structure 02, also shown in the plan view velocity averaged slightly lower than that at the

of Figure 89 The relative motions in this area HANDEC II structures while vertical velocity

were also very ,mall and difficult to trace along was significantly higher owing to the deeper
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Figure 97. ROCKTES1 II motion in and beyond the thrust block.

burial of the DIHEST explosives At the structure significantly higher within the thrust block, 220

03A near the outer edge of the block (at a range vs 120 ms. a difference which is manifest in the

of 200 ft), horizontal velocities averaged 91/2 ftLis displacement time histories. It is similar to the

and vertical velocities had dropped to about 5 differeices noted in the comparisons of data

ft~s. As in the other DIHEST experiments, vertical from within and without the STARMET thrust

velocities tended to attenuate more rapidly than block, though not nearly as pronounced, since

horizontal velocities the total displacement of the ROCKTEST II

Typical DIHEST induced wave forms are block was less than 1:5 that of the STARMET

shown in Figure 97 Because the HEST over- block. The vertical velocity traces are quite

pressure and resulting vertical velocities are similar, but the longer positive phase duration

classified, on~y the portion of the time-histories on the second peak from the gage within the

associated with the DIHEST detonation at 45 0 block accounts for the net permanent displace-

ms are shown Velocity and displacement time- ment of that gage Indicated permanent dis-

histories at the 7-ft depth are shown from instru- placements beyond the block are negligible,
mentation hole F04 within the thrust block and while those within the block are in substantial
hole F08 just beyond the intersection of the agreement with the permanent displacements

boundary joint with the testbed The positive repuited by Melzer (1970).

phase duration of the horizontal velocities was As was the case with the HANDEC II test,
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there was a significant HEST air overpressure on STARMET array, which appeared to be substan-
the testbed during passage of the DIHEST pulse. tially reversed. Late time motion turned upward
Quantitative information on the overpressure and back towards the array, in a manner evident-
pulse can be found in AFWL (1970). The extent of ly governed by the joint set which controlled the
the influence of the overpressure on the block thrust block motion on the opposite side of the
motion is difficult to ascertain, because the data array. Net permanent displacement was upward

-indicate that the testbed surface was in a state and toward the array. The second instance was
of spall despite the additional load. The straight in HANDEC II where relative displacement oc-
line fit to the vertical velocity trace (Fig. 97) indi- curred along a joint running nearly parallel to
cates a net downward acceleration of 1.2 g, the array but dipping away from it Here, the
similar to that experienced on the bed surface block nearest the array moved downward and
during HANDEC II. A figure in excess of 1 g outward relative to the block farthest from the
would be expected to result subsequent to spall, array. It should be noted, however, that while re-
because the downward acceleration due to the lative motion was downward, absolute displace-
overpressure on the bed would be added to the ment of both blocks was upward and outward as
gravitational acceleration. is typically observed.

An inescapable conclusion from several of the
more dramatic block motion measurements is

SUMMARY AND DISCUSSION that the exact location of these motions may be
impossible to predict In the case of STARMET,

A summary of the DIHEST related block mo- the joint, or joints, forming the base of the thrust
tions is given in Table 2. There are several ob- block did not appear on the pre-test joint map.

vious conclusions which can be drawn from this While it was obvious post-test that these joints
table and the supporting data presented in the extended laterally more than 100 ft, only about a
text 5 ft section was observed and mapped prior to

Most of the relative displacements occurred the test Similar instances are described where
along paths of least resistance provided by the the major displacements within the structures on
joints and joint systems surrounding the ex- HANDEC II and ROCKTEST II occurred along
plosive arrays. lypical examples ere the thrust joints which were not identified pre-test.
blocks on the STARMET and ROCKTEST I1 The lack of ability to predict exact block mo-
experirnents These were bounded on their base tion locations in advance of an experiment
by extensive joints striking roughly prallel to where the location and properties of the dyna-
the explosive array and dipping towards them, mic loading are known poses difficult design and
offering a convenient slip plane to transport the analysis problems. It is vital that these uncertain-
block upward and outward away from the array ties be incorporated into any design phi'osophy
in about the same direction as the initial velocity for hardened structures in rock.
imparted to the blocks from the arriving Based on the very limited amount of data gen-
compression waves. These thrust blocks are erated by the DIHEST series, it would appear
typically bounded on their ends by near vertical that a "sure safe" zone from a cratering burst in
joints or joint sets striking perpendicular to the rock might begin beyond three crater radii from
explosive arrays, the burst point The vertical exteit of relative

The thrust blocks can extend considerable dis- displacements would probably be less than the
tances from the explosive arrays In the case of horizontal because of the increased confine-
ROCKTEST II, the thrust block extended hori- ment and in situ stresses at depth It is hoped
zontally nearly three crater radii from the array. that quantitative expressions of these dif-
The vertical extent of relative motions was never ferences can be obtained from analysis of
determined Extrapolation of the joint surfaces underground nuclear shot5 The accuracies of
toward the DIHEST array is inconclusive, today's weapons delivery systems, however,
because in some instances the joints apparently make the utilization of such a "sure safe" zone
intersect the array (such as in ROCKTIEST II), and impractical, so that the system designer is left
in others, they apparently dip well beneath it (as with several options, all of which will require ex-
in STARMET) tensive additional analysi5 and proof testing.

In at least two instances relative motions did These options are the following:
not seem to follow paths of least resistance The 1 Make near-surface components non-critical
first instance was motion of the east side of the to system performance. In other worcis, the de-
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